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A slide rule has been developed to facilitate rapid calculations based on the Planck radiation formula. 
Quantities such as the radiant flux density in a given wave-length region, the spectral radiant flux density 
at a given wave-length, or the corresponding quantities expressed in photon units, can be obtained readily 
for a black body over a range \T=2X 10* to aT= 4X 10* micron degrees with an accuracy of about 1 percent. 
Simple extension rules can be used for larger values of \T. 



I. INTRODUCTION 

TN the course of certain radiation calculations it was 
* found that the available tables based on the Planck 
radiation formula were neither sufficiently compre- 
hensive nor convenient for frequent reference. The 
need was felt for a device that would facilitate rapid 
calculations without involving too great a sacrifice in 
accuracy. Accordingly it was decided to develop a 
nomogram, based on the Wien displacement law, 
capable of giving rapidly approximate values for the 
radiation quantities most frequently encountered. 
Typical of such quantities is the radiation per unit area 
emitted by a black body at a given temperature in a 
given wave-length interval. The general features of 
the nomogram are shown in Figs. 1 and 2. 

As the work proceeded the advantages of a slide rule 
arrangement became apparent, and it was decided to 
extend the computations already carried out with a 
view to the development of a radiation slide rule. This 
paper gives a description of the slide rule and the 



methods used in the associated calculations. The final 
form of the rule, the general arrangement of which can 
be seen in Fig. 3, includes the scales required for calcu- 
lations involving spectral radiant flux density and 
radiant flux density, together with the corresponding 
quantities in photon units. The over-all dimensions are 
1°5 in.X3| in. The stock carries the scales of maximum 
spectral radiant flux density, #xmax., a total radiant 
flux density, II, maximum spectral photon flux density, 
Q^max., total photon flux density, Q, temperature 
(centigrade and absolute), and wave-length. One side 
of the slide carries the scales required for calculations 
involving the first two of the above quantities, while 
the scales necessary for photon calculations are on the 



"The symbols used throughout this paper have the usual 
significance. The subscripts X, AX, v, and Ap, refer to wave-length, 
wave-length interval, wave number, and wave number interval 
respectively. The symbol cm is used to denote unit of length 
referring to the surface of a black body. The values of the con- 
stants used follow Birge (ci-2jrte»- 3.7403X10"" watt cm'; 
Cj ' = 2fc= 1.88355X10" cm sec." 1 ; Ci = kc/k= 1.43848 cm <leg. A). 
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reverse of the slide. The back of the stock carries brief 
definitions and instructions, together with the scales 
relating wave-length, wave number, and electron volts. 

II. THE PLANCK RADIATION FORMULA 

If we consider unit area of a black body at tempera- 
ture T and choose some wave-length X, then the radi- 
ated energy for a wave-length interval I crrux, b which 
we shall call the spectral radiant (lux density, is given 
bv the Planck radiation formula as 



For a wave-length interval d\ the energy radiated is 
H\d\, and for a wave-length interval between X t and 
X,(X!<X 2 ) 



Ihd\= I IAd\- I lhd\ 

= f H x d\- \ Hxd\ 

J Xl J kn 



watt cm 



Ih = - 



d\~ 



watt emr 3 cmuT 1 . 

The corresponding expression for wave number 
interval A^= 1 cnu, -1 is 



H v — ■ 



ClV 1 



g«r/r_ ^ 



watt cm ■ (cmiv ') '. 



For a given temperature T, the wave-length X m for 
which H\ is a maximum, is obtained from dH\/d\ = 0, 
which gives, of course, one case of Wien's displacement 
law, 

\ m =0. 28972/ rcmx. 

By substitution 

H > .ma.x. = 1.2&75Xl(y- 11 T* watt cmr 2 crru>r'. 



h.M* h ^H« H 




Fig. 1. Radiation nomogram— spectral curves. 



b It is not possible to attach physical significance to the use of these wave-length and wave number intervals. The spectral 
quantities refer to a single point on a radiation curve and in all calculations involving a real wave-length interval, the centimeter 
interval disappears. 
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The total radiant flux density, H, is obtained by 
integrating H* over the wave-length range from zero to 
infinity, which process leads to the Stefan-Boltzmann 
law of radiation, 

tf = Z7 - K = 5.67283 XiO^rWr 4 watt cmr 2 . 

Since the energy associated with one photon is hc/\, 
the corresponding formula for spectral photon flux 
density is 



Fig. 2. Radiation nomogram — integration curves 



xd\ 



&- 



Ci'A- 



/•■AS /»A2 ~M 

Qm-M= i Qxd\= j Q K dX- I &. 

QkdX- I Q\d\, photon sec. -1 cmr-, 
\i Jx 2 

X m '= 0.366895/ rcm X) 

Qx max. = 2. 1027 X 10" r* photon sec." 1 cmr* cmaT 1 , 

<3=e5- to =1.5213Xl0 1L r 3 

= a'T 3 photon sec. l cm~ i . 



PC2/XT. 



1 



photon sec r l cm~ 2 ciriAir 1 



If the radiating body obeys Lambert's law, quantities 

associated with the radiation in unit solid angle normal 

The remaining formulas may be obtained in terms of t0 the baling surface may be obtained by dividing 

photons: the above formulas by x. To avoid multiplicity of 

scales such quantities have not been included on the 



Q,=- 



Cl V 



g«wr_i 



photon sec. -1 cnr 2 (cmi, -1 )" 1 , 



rule. 

For shorter or longer wave-lengths the simple Wien 
or Rayleigh- Jeans formulas may be applied. These are 
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approximations only, and it is necessary to have a 
method of determining the error introduced by their 
use. This error will, in general, be dependent on the 
range of \T involved, and a method of estimating it 
will be described later. 

HI. GENERAL METHOD AND TRANSFORMATIONS 
USED IN CALCULATIONS 

Introducing the new variable x—c^/XT, and putting 
X=(e I — l) -1 , the various formulas given in the pre- 
ceding section may be written, 



-x?Xdx 



(1) 

(2) 



rvf 

= cY— \ J f -x'Xdx- f -s?Xdx 



Qimct'iT/ej&X-VQK, 



(3) -if 



(4) 
(5) 



Qxi_* 2 =Ci 



■ x 2 Xdx 






x l Xdx 



(6) 



On dividing each of the Eqs. (l)-(6) by T to the power 
appearing in the right-hand term, one obtains expres- 
sions of the form 

of which n takes the values 2, 3, 4, 5, and B is in order 
H\, H„ etc, /i is a function of the physical quantities 
only, and/(#), treated as a function of the dimensionless 
variable x, is a purely mathematical expression which 
is specific for each quantity and independent of the 
chosen values of the physical constants: 

From the general expression it can be seen that 
(a) Since each expression of the form BT~ n is dependent 
only on some function of x=cil\T, it is possible to 
find for one particular value of BT~ n a set of pairs of 
X and T such that \iTi=\iT2=\iT s — ■• •= : \ n T n =C2/x. 
This is the general form of the Wien displacement law. 
If we take any maximum value of spectral quantity 
B m T~ n we get X a T=ci/fi= const., the form in which 
Wien's law is usually expressed, (b) In order to obtain 
the value of B for given values of X and T, it is necessary 
to calculate x = Cz/\T and BT~ n from the product of 
/i(«i, ci, 6x) and /(») when finally (BT~ n )T n -'B, 

In the slide rule fractional values of the quantities 
are introduced. These are, for spectral quantities — the 
ratio of the given quantity to the corresponding maxi- 
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Table I. Values associated with the maxima. 
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mum value, and for integration quantities — the ratio 
of the given quantity to the total value. 

1. Spectral formulas 

A general formula for H*, H,, Q\, and Q, may be 
written 

B=f l (ci, a, Ci!)T*sP/(fr— 1) »= 2, 3, 4, 5. 

The physical limits of x are zero and infinity; B is 
always positive and when x tends to either of these 
limits, B tends to zero. Hence there exists a value *=/3 
for which B is a maximum. This value is given by 
dB/dx—0 or 

Knowing j8 we can find 

X.r-c/0 (7) 

where X m is the wave-length corresponding to the 
maximum value of B at temperature T; the maximum 
value of B 

ff x max.= (ci/csW 5 (8) 

and 

QVML.-fa'/cfic/T*, (9) 

where c if a', etc., represent the maximum values of 
*"/{«"— 1); the ratios 

ByjHaaax. " 1/a ■«»/(«*- 1), 

H„/H r ma.x. = l/c<" • as 8 / («■ - 1) 
and 

Q,/Q,max.-l/c i m -s?/(<f>-l). 

In the slide rule only the first two ratios are used since 

H r = (Ih/H x m&x.)XHxm3,x.X\ 2 , 

and a similar expression holds for Q„. The graphs of 
the four fractions are given in Fig. 1 while the values 
associated with the maxima are listed in Table I. 

2. Integration formulas 
Formula (3) may be integrated by parts to give 



(10) 
(11) 



from which we obtain 
Fo-x — -T* £ H>*)'+3MH-6«*+6>-*'*, 

H = Hn- a =(c 1 /o/)T i X6X(l- i +2- i +3- i +- • •), 
and since 

£>-*=7ry90 

T— 1 

H=(c 1 /c 2 *)T*(ir*/15) = vT< 

= 5. 67283 X10- n T* watt cm~\ (12) 

The latter is the expression for the total power radiated 
per unit area of a black body at temperature T. 

Further we have 

flVx IS m 1 

-—Z-L(nxy+3(nxy+6nx+62e-"\ (13) 

II 7T 4 «-I W 4 

For larger values of X, i/Vx=^//, and in such cases it is 
better to use 

H^. = H-H M and R^/H**l-R*-*JB, (13a) 
Similarly in terms of photons 

C ' «> 1 

<2o-x=— T 1 L —[(««)*+ 2n#+2y->", 
c£ n-i n 3 

Q=Q _ 1B = — PX2X 

c 2 3 25.79436- • • 

= <t"P= 1.S213X lO'T 3 photon sec." 1 cnr\ (14) 

Qo_n 12.89718- •■ °° 1 

£ -[{««)*+ 2»w+2>—, (IS) 



Q 

and 



>< .i «■* 



QoVQ=l-G^/Q. 



(15a) 



C2 A 



- i 

E — CM 3 + 3(«*) 2 + &»£+ 6>-« 



The generalized curves for the. four fractions over a 
range of \T are included in Fig. 2. 
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IV. THE SCALES OF THE SLIDE RULE 

The general arrangement of the scales of the slide 
rule may be seen in Fig. 3. For convenience the scales 
are lettered from a to s and these letters will be used 
in referring to the various scales. 

1, Stock 

Taking as a basis the value of T, the equations 
listed below are obtained by taking logarithms of both 
sides of (7), (8), (12), (9), and (14) : 

logX™ = log (cs/0) - log T, 
hgIhma.x. = \og(c 1 Ci/ct i )+5 logT, 

logiy=logtr+41ogr, 
log(\max.= log(ciV/V)+4 logT, 
\ogQ=\ogv'+3logT. 

If T is plotted as a logarithmic scale (d) with modulus 
m T , the remaining scales are also logarithmic with 
moduli given by the second terms on the right-hand 
side of the equation : 

m^=—ntT (inverse scale e), 
mih™nx=&tir (scale 6), mn=\m T (scale a), 
moxmax m \mr (scale g) , m Q = \ m T (scale /) . 

The constants in the various equations define the 
positions of the corresponding scales of the stock rela- 
tive to the temperature scale. These constants are of 
two types, firstly those of purely mathematical con- 
ception and so invariant (e.g., /3, d, c/), and secondly 
those derived from physical constants (c\, c 2 , c{) which 
will depend on the values taken for c, k, and k. The 
latter define the relative positions of the scales on the 
stock, the former those on the slide. The values of the 
constants vised have already been listed. The procedure 
necessary for the use of the slide rule with changed 
values of the constants will be given later. 

Since in practical problems temperatures are usually 
expressed in degrees centigrade, the appropriate scale 
has been included (c). It has been assumed that 
0°C = 273.18°K. 

In the construction of the slide rule, a modulus for 
the temperature scale has been chosen m r =20 cm, and 
about two decades taken covering directly the range 
100°K to 10,000°K (- 180°C to about 10,000°C). The 
same scale of wave-length is used to cover the two 
ranges, 0.3 to 30 microns (black figures) and 30 to 
3000 microns (3 mm) (red figures). 

All the scales on the stock, with the exception of 
scale e, are purely logarithmic, differing only by the 
moduli, 

2. Slide 

The slide is double-sided, one side (energy) for use 
in the Hh-^2, #x, and H r calculations, the other 
(photon) for Qh-m, Qx, and Q,. Since the two sides 
are similar, differing only quantitatively, only one will 
be discussed in detail. 



As the slide scales are obtained from the fractions 
(13), (13a), (IS), and (15a) in which the physical 
constants are eliminated, the scales themselves are 
independent of the values chosen for these constants. 
The scales are also independent of the stock except in 
so far as the moduli are determined by m T . The two 
upper scales {h and i) are those of the fraction 
ffx/ffxmax. for the two- wave-length ranges. For x=$, 
fiVffxmax. = 1 and at this point lines marked "B%tcmx," 
and "Temperature" have been added to the slide. If 
the slide is moved so that the latter line is opposite a 
given temperature, then the former line is opposite the 
corresponding value of \ m on scale e. Scale h or i gives 
the values of /Jx/Hxmax. corresponding to any other 
value of X. Three lines have been added to scale h 
giving also the wave-lengths corresponding to the 
maximum values of II v , Q\, and Q r . 

If scale e is extended to longer wave-lengths by two 
decades, the corresponding values of scale h go down 
to 10" u . The extended wave-length scale may he dis- 
placed to coincide with the original scale with values 
of X 100 times larger, as given by the red figures. The 
appropriately displaced scale of Hx/Ihma.x., i, is also 
colored red. The fact that, in the direction of longer 
wave-lengths, scale i approximates to a logarithmic 
scale of modulus |»r=lW> permits the extension of 
the rule in this direction. 

In the same way scale m (black) covers the fraction 
H a -\/H (13) for the shorter wave-length range, and 
scale I (red) the fraction Ih-Jll (13a) for the longer 
range. Scale I approximates to a logarithmic scale of 
modulus \niT. 

On the photon side of the slide are the corresponding 
scales, n and o, of Q x /Q x max. (11) together with the 
scales, s and r, of Qo-x/Q (IS) and Qx-*/Q (15a) re- 
spectively. Scales o and r approximate to logarithmic 
scales of moduli \m T and \m T , respectively. The five 
lines mentioned above are, of course, repeated on the 
photon side of the slide. 

In deriving the positions of the scale lines, involved 
fractions were calculated for round values of argument 
*, and then, with the aid of Interpolation Tables (HMSO, 
1936), were inversely interpolated for round values of 
fractions using Bessel's interpolation formula including 
fourth and sometimes sixth differences. All calculations 
were made with two Brunsviga calculating machines 
by the method of balancing approximation. 

For convenience in certain calculations, two loga- 
rithmic scales are included on each side of the slide, 
j and k on the energy side with moduli \m T and \m T , 
and p and q on the photon side with moduli inl- 
and ff»r- 

3. Back of stock 

Scales relating wave-length, wave number, and 
electron volts are included on the back of the stock. 
For convenience in reading from these scales without 



M. W. MAKOWSKI 



Table II. Accuracy of calculations using slide rule. 



Long Vicinity of Short wave-lengths 
wave- maximum Values of fractions 
lengths spectral value ^JO -1 10~*-10~ 35 



JTx/ffxmax. 1,5% —0.5% 

Ex^/B or Ha^/H 1.25% 1.25% 



0x/Qxmax. 1.25% -0.5% 

<?xVQ or Q^/Q 1.0% 1.0% 



3.0% 5.0% 



the use of the cursor, the wave number scale is given 
twice. 

V. USE OF THE SLIDE RULE 

In following the description of the use of the slide 
rule reference may be made to Fig. 3, The values given 
in brackets below refer to the actual settings of the 
scales in the figure. A straight edge should be used in 
place of a cursor, 

(a) If the cursor line is set on a given value of 
temperature on scale c or d (say 727°C or 1000 D K), 
then the following data may be read directly from the 
cursor line: 

Scale e— wave-length X m (2.9 microns) corresponding to the 
maximum spectral radiant flux density, ffxmax.; 

Scale a — total radiant flux density, H (5.7 watt cm" 1 ) • 

Scale b — maximum spectral radiant flux density, 7/xmax, (1,3 
X10* wattcm-'ciriir 1 ); 

Scale /—total photon flux density, Q (1.S2 photon sec. -1 cm -1 ); 

Scale g— maximum spectral photon flux density, ftmax. (2.08 
X 10 23 photon sec. -1 WT" cmAx -1 ). 

(b) If the line marked "Temperature" is brought 
into coincidence with a given temperature (1000°K), 
and the cursor line placed against a given wave-length 
(say 1 micron or 100 microns), the values of the follow- 
ing fractions may be read directly from the cursor line : 



For X = 0,3— 30 microns: 
Scale A— ffx/tfxmax.(1.6X 10^) ; 
Scale n — Qx/Qxmax. ; 
For X = 30- 3000 microns: 
Scale t— ffx/#xnmx.(1.9X IQr*) ; 
Scale o—Qx/Qi,ma.x. ; 



Scale m— Re-\/H(33X 10"') ; 
Scale s— Qo->./Q; 

Scale/— ffx-„//7(l -45X10-*) ; 
Scale r—Qx.n/Q. 



Further quantities may then be estimated using, if 
desired, the appropriate multiplication scales : 

//x= (Z7x///xmax.)Xtfxmax.(2.08X 10* watt em"* cmAjr 1 ), 
fl r .= (ffx/ffxmax.)Xffxmax.XX^X 10- s (2O8XlO- e W3tt cm^ 

(cmA, -1 )" 1 ), 
ffx, -x 2 = £(#o-x,///)- (ffo-x. 2 //7)]X H= [(ffXi - «/ff) 

-(ffx s -«/ff)]X//, 
Qx= ((?x/(?xmax.)X Q*max. 
Q-= (Qx/Qxmax. ) X <?xtnax. x y x l0 - 8] 

ex 1 -x 2 = [(Qo-X,/0-(eo-x,/Q)]xQ = [(CM -»/<?) 

-«?^-«/<2)]xg. 

In the formulas with square brackets only positive 
values of differences are taken. Both values of the 
fractions inside the bracket must be read from the same 
scale, or, if this is not possible since one wave-length is 



within the black range and the other within the red, 
then one of the fractions must be subtracted from unity. 
The multiplication scales are so arranged that it is 
unnecessary to move the slide, when set at a given 
temperature, in order to carry out the operation of 
multiplication. Care must be taken, however, to use 
the correct multiplication scale for a given operation, 
as marked on the slide. When calculations of II\i -x 2 or 
Qm-M are being carried out for a narrow wave-length 
interval, the accuracy falls with decreasing interval, 
but may be increased by calculating the spectral values 
of II\, II „, Qx, or Q r for the middle point of the interval, 
and, assuming the spectral quantity to be constant 
over the interval, multiplying the quantity by the 
width of the interval. 



VI. 



EXTENSION RULES AND CHANGE 
OF CONSTANTS 



1, Temperature 

The slide rule may be used for calculations involving 
temperatures outside the range 100 °K to 10,000°K by 
a simple extension process. The temperature T is 
expressed in degrees absolute as T„~TX10 n , where n 
is a convenient integer such that T, is within the 
compass of scale d. The corresponding wave-length 
X,=XX10~ n . By the processes already described, the 
values of the various quantities B, are found for 
temperature T, and wave-length X a , and the values 
appropriate to the original temperature obtained from 
the following formulas (the corresponding factors are 
given on the back of the rule) : 



#x=(/7x) 8 X10- 6 », 

ff,= (jy.)*XKH", 

/A l _x 2 =(//x 1 -x 2 ) 1 ,X10- 4 ", 



ex=(QO*xio-<«, 

(2*=(0,)*xio- 2 », 

QM-x2=(<2M-x 2 ) a X10- 3n . 



A similar process may be applied to problems in which, 
although T is inside the normal range, the calculations 
move outside the limits of the slide. 

2. Long wave-lengths 

Since the red scales covering the longer wave-length 
range to 3000 microns (i, I, o, r) approximate to loga- 
rithmic, the slide rule may be extended to longer 
wave-lengths. The wave-length is replaced by a wave- 
length X„ such that X,=XX 10 - ", where n is the smallest 
possible positive integer that will bring X„ inside the 
normal red wave-length range of the rule. The corre- 
sponding quantities B M may be calculated and trans- 
posed to the values for the original wave-length using 
the formulas given for the extension of the temperature 
scales. 

3. Change of constants 

From formulas (1) to (6) it can be seen that: 

(a) the constant e 2 appears only in tlie ratio T/ci, and 

(b) the quantities related to energy 'and photons are propor- 
tional to Ci and Ci, respectively. 



SLIDE RULE FOR RADIATION CALCULATIONS 



Thus the use of the slide rule with different values of 
the physical constants is simple. If it is desired to 
introduce new values „Cj, „c 2 , and n e/, it is only neces- 
sary to make all calculations for a temperature T n 
where T n =TXci/ n c 2 and multiply the values so ob- 
tained by the following factors : 

Energy „ciAi = h'c n /hc? 
Photons nCi/ci=c'/c 

where c' and h' are the new values of the constants. 

VII. ACCURACY 

The accuracy with which calculations can be made 
is limited by the accuracy with which the scales can be 
read. For any logarithmic scale the error is constant 
and approximately inversely proportional to the mod- 
ulus of the scale. In the case of the scales of ffxmax. (6), 
77(a), Qtfna.x.(g), and Q(j) (the scales with the smaller 
moduli) the error can be eliminated if desired by using 



the exact formulas given in Section II and included on 
the back of the rule: 



77 x max. = 1.2875X10- li r 6 , 
(?xmax. = 2.1027 XIO'T, 



77=S.6728X10- 12 r 4 , 
(2=1.5213X10 11 P. 



The logarithmic scales limiting the accuracy of any 
calculations are those of temperature and wave-length. 
Both scales are of modulus 20 cm and the accuracy of 
reading is of the order of 0.25 percent. The other 
scales involved are those of the fractions {h, i, I, m, n, 
0y r, s) which are not logarithmic. In general, the rela- 
tive accuracy will vary according to the region of the 
scale in use. However, for the longer wave-lengths (red 
scales) the errors are constant, the values being : 

lh/H k ma,x. (i) — about 1 percent 

H^/lf and (VQ\max. (I and o)— about 0.75 percent 

Q\-<x/Q (r) — about 0.5 percent 

In the region of the respective maxima, the relative 
error for the fractions is reduced to a few tenths of one 






(Mr-fHjOp 



■iffp>«tt&f + i<ft + " 




Fig. 4. Error introduced by application of Wien or R ay leigh- Jeans formulas. 
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percent, and increases from this value as shown in 
Table II, being approximately the same for all scales. 
The introduction of the diagonal scale presentation for 
the short wave-length ratio scales at one end of the 
slide prevents serious reduction of accuracy at the 
shortest wave-lengths. 

In /Jxi-x 2 or (?M-xa calculations the relative error is 
increased by taking differences, the error being greater 
for a narrow interval. For this reason it is better to 
assume a constant value of ff* or @x over the interval 
as described in Section V. 

VIII. COMPARISON OF THE PLANCKIAN FORMULA 
WITH WIEN AND RAYLEIGH- JEANS FORMULAS 

Both the Wien and Rayleigh-Jeans formulas may be 
.treated as mathematical approximations of the exact 
Planck formula. The latter may be written in the form 

(ffx),r-*-(ciA* D )*V(e*-l)- 

It is possible to deduce either the Wien formula or the 
Rayleigh-Jeans formula and obtain the errors intro- 
duced by the use of these formulas in terms of x or T. 
If x^S>l (XT very small) then e> is sufficiently larger 
than unity for e*—l to be replaced by e x , when 

(fh)„T-s=( Cl /c-S)(x*/e). 

This is Wien's formula which is usually written in the 
form 

The error involved in using this approximation is 



* ->\$ 



(ffx).-(ffx), xH-*~x>l{e-\) 
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= r*(«?— 1) — 1 = e~ x = c~«' xr . 

If, on the other hand, x<&.\ (XT very large) then 

(?— l — (l+x+lx i +- ■ ■) — i = x-f-f# s +- ■ '£«e 
and 

{Ih) r T-'-= ( Cl /csV- 

This is, of course, the Rayleigh-Jeans formula and is 
usually written in the form 

(B^ r "(ci/C2)Tk-*. 

The relative error is 



E r — 



(Hi)~(Ih) p x'-xt/ie*-!) «•-!-* 



(7/x)* *V(«r^l) x 

x x 2 1 1 

=:+_+ . . . = - C2 /xr+-( C2 /x7T+. 
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The corresponding formulas for H r , Q\, and Q, 
introduce similar errors as a function of x. 

In the case of calculations involving Z/\i-x 2 or Q\i-x 2 
estimation of the error is more complicated since the 
error is equivalent to some intermediate value of the 
error in the spectral quantity within the wave-length 
range involved. It can, however, be shown that the 
above formulas may be used to give the upper limit of 
the error if the largest value of XT (smallest value of x) 
in the interval is substituted in the expression for the 
error in the case of the Wien formula, or the smallest 
value of XT in the case of the Rayleigh-Jeans formula. 

Figure 4 represents errors for both of the simplified 
formulas as a function of XT. The errors introduced by 
using either formula at given values of X or XT can be 
estimated using this graph. 
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